A holy grail in analytical chemistry is the specific quantification of a single entity, be that entity an atom, a molecule, a nanoparticle, a virus, or a circulating tumor cell. Analytical chemistry is entering an era where this sensitivity can be achieved. In these experiments, the limit of detection is 1, and the limit of quantitation is not only measured in units of concentration but units of time: the waiting time before positively identifying a single entity. Electrochemistry is front and center in single entity experiments with hundreds of publications per year detailing observations of various entities colliding with micro-and nano-electrodes. These types of experiments are referred to as 'stochastic electrochemistry' due to the stochastic nature of the collision of an entity with an electrode surface. If methods of detection can be made specific, simple, inexpensive, and robust, the techniques hold the promise of transforming diagnostics (i.e., the specific detection of a single cancerous cell in blood). This review will critically analyze the stochastic electrochemistry literature and focus on reports detailing methods to ensure the response at the electrode surface is specific to the colliding entity. The topic of specificity, and strategies to achieve it, are highlighted.
Analytical chemistry is entering a digital era, where the detection of a single entity is possible. By digital, we mean the entity is either there or it is not (i.e. 1 or 0), and several positive identifications can be made during the time course of a single experiment, increasing precision. By entity, we mean anything from a single atom to an enzyme to a nanoparticle or virus to a single, living (or dead) cell. These experiments are often termed stochastic experiments due to the random nature of the entity detection as collisions are observed following time-dependent mass transport to the electrode surface. A fair question follows: Why is the study of a single entity important? 1 Imagine never having heard of fireflies. Your colleague places millions of fireflies into three large jars, and she asks you to come to some general conclusion regarding the light given off by the fireflies. As a scientist, you observe that the intensity of light coming out of the jars scales linearly with the number of bugs in each jar. From this observation, one may come to the conclusion that fireflies continuously bioluminesce. This is not the fault of the observer, for what is the probability that the millions of fireflies will blink on and off in synchrony? Nearly 0. Not until scientists like WE Moerner 2 began studying the fluorescence of single proteins did we know that proteins blink off into a metastable dark state. Moerner and co-workers used this blinking phenomenon to develop a novel form of microscopy capable of overcoming the diffraction limit of light, [3] [4] [5] for which he shared the 2014 Nobel Prize in Chemistry 6 with Eric Betzig and Stefan Hell. Therefore, single entity experiments have exciting ramifications. First, they allow one to study variations in populations, like that of fireflies, that may not be obvious from measurements taken over ensemble amounts of entities. Thus, we may learn new truths of nature concerning the chemical and physical properties of single entities, which in turn may be exploited to the benefit of mankind. Second, and most relevant to this review, is that these experiments take analysis to the ultimate sensitivity in measurement science: a limit of detection of 1.
One may more specifically wonder why a limit of detection of 1 is important. While we have chosen to focus our efforts on critically reviewing specific entity detection in stochastic electrochemistry, these types of experiments also allow for basic research with the purpose of answering fundamental questions (understanding, for example, single entity physicochemical properties). In terms of electrocatalysis, for instance, measurements over ensemble amounts of nanoparticles z E-mail: jedick@email.unc.edu only reports on the average electrochemical behavior of a nanoparticle. These experiments have limited efficacy since typical synthetic means to create these nanoparticles leave a distribution of size and morphology. Understanding how the size, morphology, and nanoparticle stabilizing agent (i.e., stabilizing ligand) affect electrocatalysis can better direct synthetic methods to optimize reactivity. As mentioned above, due to heterogeneities in nanoparticle shape and size following synthesis, the ideal way to understand nanoparticle reactivity is by studying single nanoparticles. Electrochemistry is a valuable tool to achieve this understanding over optical measurements, which rely on electrocatalysis of a fluorogenic reaction to diagnose reactivity. [7] [8] [9] [10] [11] [12] Direct electrochemical measurements allow the study of more industriallyrelevant reactions, such as hydrogen oxidation and proton reduction, oxygen reduction and water oxidation, methanol oxidation and carbon dioxide reduction, and so on. 9, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In terms of diagnostic technology, early detection of very dilute species will improve patient outcomes and, potentially, diminish or even eradicate the progression of disease. For instance, one example where stochastic electrochemical detection becomes relevant is the specific detection of a circulating tumor cell in the blood. 26, 27 At the earliest onset of metathesis, circulating tumor cells manifest on the order of one part-per-billion. Developing strategies to selectively detect one in a billion is difficult, but it would ensure detection before tumors have a chance to metathesize and grow elsewhere in the body. Similarly, stochastic electrochemistry may be used to generate calibration curves at the sub-femtomolar level (≤10 −15 M). For instance, there are extremely dilute species of interest in the blood, such as amyloid plaques or fetal micro-RNA, 28, 29 that could be useful in diagnosing Alzheimer's 30 or tracking the health of a fetus throughout pregnancy. These dilute species are not one in a billion, but quantification of sub-nanomolar concentrations is commonplace in the single entity literature. Bard and co-workers have even reported calibration curves at the femtomolar level using concepts derived from stochastic electrochemical studies. [31] [32] [33] [34] [35] [36] The first report of single molecule electrochemistry belongs to Fan and Bard; 37,38 however, the field of stochastic electrochemistry as currently discussed (aka collision electrochemistry, impact electrochemistry, nano-impact electrochemistry) was born in earnest after Lemay's report in 2004 regarding the collision of single latex microspheres on ultramicroelectrodes (UMEs). 39 A discussion of these techniques and others that have evolved out of this first study is given below. Since that time, the field of stochastic electrochemistry has flourished. Several methods have been developed to observe the stochastic collision of single entities, and the vast majority of these methods use amperometry to make the observation. There are also reports of single entity electrochemistry using potentiometry 40 and voltammetry. 41, 42 The driving force behind developing new strategies to observe single entities is the quantification of different materials based on insulating/conductive and hard/soft properties. While these methods have held the promise of learning a new truth of nature at the single entity level, translation of this science to diagnostic practices has been scarce. Below is a brief summary of each major method developed. Figure 1 gives a general schematic representation of each collision experiment discussed, the typical response in the amperometric i-t trace with the magnitude of the event observed, and details benefits and limitations of each technique. Below, we describe the potential for specificity and whether or not specificity was demonstrated in some fashion. If no specificity was demonstrated, but there is a conceivable mechanism for specificity, methods to demonstrate and enhance specificity are discussed.
Specific Detection Strategies, Signal-To-Noise, and Methods to Enhance Specificity
In the methods described below, each technique is performed on an UME or a nanoelectrode due to a combination of low background noise and diminished double-layer capacitance. This dynamic combination allows one to observe minute changes in signal due to the collision of a single entity on the surface of an electrode. Fabrication of UMEs has become routine in most laboratories. However, fabrication of nanoelectrodes can be difficult and irreproducible requiring significant optimization of parameters for different materials on different instruments. 25, [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] The size of the electrode should be comparable in size to the colliding entity to make a positive identification as shown in Schematic 1. Bard and Boika recommend the size of the entity be roughly 10% the size of the electrode surface. 53 Three electrodes are generally placed in a solution of about 10 mL; however, Hilterbrand and co-workers were able to perform collision experiments in only 100 μL of mouse urine. 54 The reference electrode is a Ag/AgCl Schematic 1. Experimental schematic for a typical blocking experiment, in which a Pt UME is biased at +0.4 V vs. Ag/AgCl to oxidize ferrocene methanol to ferrocenium methanol. When the electrode is blocked by an insulating polystyrene bead (PSB) a decrease in current is observed. reference electrode, and the counter electrode is either a platinum wire or a carbon rod. Users should be careful using platinum counter electrodes when studying electrocatalysis, as platinum has been hypothesized to dissolve while oxidizing water 55 or reducing oxygen. 34 Certainly on nanoelectrodes, a two-electrode system is sufficient since small currents are passed, ensuring the integrity (equilibrium) of the reference electrode remains intact. A background within the solution is taken (i.e., an amperometric i-t curve will be collected for several hundred seconds to ensure no collisions occur within the background).
The type of collision that is observed depends on solution conditions and electrode material. Some detection schemes take advantage of using a redox reporter molecule. This molecule can be oxidized or reduced at the electrode surface, and variations in the flux of this redox molecule (ultimately manifesting in the overall current response) indicate the collision of the entity with the electrode surface. Other detection schemes necessitate taking advantage of differences in heterogeneous kinetics on different materials. This is generally accomplished by driving the electrochemistry of an inner-sphere heterogeneous reaction. 56 For inner-sphere reactions, a prerequisite to electron transfer is the adsorption of the molecule on the electrode surface. This generally implies that the potential where electron transfer begins is highly dependent on the type of material used. For instance, the example given below takes advantage of the fact that proton reduction occurs much more quickly on platinum than on carbon. This is due to more favorable adsorption of hydride on platinum, making the heterogeneous kinetics of proton reduction on platinum much faster than on carbon. In contrast, outer-sphere electrochemistry does not depend on electrode material, as the electron transfer occurs via a tunneling mechanism through the inner Helmholtz plane (the first layer of solvent and adsorbed ions on the electrode surface).
Blocking (electrode area-decrease).-The blocking experiment (i.e., electrode area-decrease, where the area of an electrode decreases with the collision of an entity), which was the first stochastic experiment reported by Lemay in 2004, 39 requires a heterogeneous redox reaction to be driven at the electrode surface. When an insulating object collides with the UME surface, the flux of the redox reporter to the UME is locally blocked, and step-wise decreases in current can be observed as shown in Figure 2 . The size of the step-wise decrease in current depends on the ratio of the size of the entity to the size of the electrode. In these experiments, it has been difficult to achieve size analysis of the colliding entity. 57 The difficulty lies in the inhomogeneous flux of the reporter molecule to the UME surface. Because radial diffusion on a typical disc UME dominates at the edges, there will be a higher flux of the reporter molecule at the edge of the UME (referred to as the edge effect). 58 Thus, if an insulating entity collides on the edge of the UME, it will block more flux than entities that collide near the center. This may lead one to believe they have a polydisperse system when using a monodisperse sample. Crooks has quantified the edge effects in collisions of insulating microspheres by optically correlating the collision to amperometry using fluorescentlytagged microspheres ( Figure 3 ). 59 To overcome the hindrance of edge effects observed when using disc UMEs, Renault and co-workers The black symbols represent data that were binned into increments of 0.5 μm for simulation comparison. The error bars represent the 95% confidence interval for collisions that occurred within the indicated bin. The red circles represent simulated data for the difference in steady-state current at a UME having an insulating spherical particle (1.03 μm) centered at the indicated distance from the center of the UME vs. the steadystate current at the bare electrode. recently used hemispherical UMEs, where the flux profile is consistent across the UME surface, in blocking experiments to report quantitative sizing of entities. 60 This method has also been used to observe the collision of single protein molecules on UME surfaces 61 as well as tracking polystyrene bead aggregation due to the presence of murine cytomegalovirus. 62 Size of the response.-The magnitude of the current step observed depends on the ratio of the size of the entity to the size of the electrode. Generally, these events are on the order of tens of picoamperes. Figure 4 displays the exponential relationship between the size of the response, or step size, and the size of the entity derived recently by Renault and co-workers. 60 Potential for specificity.-Unfortunately, any insulator colliding with and sticking to the electrode surface will block flux, which makes complex matrices difficult to study. One can imagine, however, discriminating by size, as Renault and co-workers showed was possible with hemispherical UMEs, to differentiate between entities in complex systems. 60 This could be particularly useful in a complex matrix of different virus particles, which vary greatly in size from Zika (∼40 nm) to Ebola (∼1μm). The blocking experiment has also been applied to single bacteria. Previously, Kwon and co-workers have reported the label-free detection of single E. Coli bacteria colliding with UME surfaces. 63 It should be noted here critically that 'label-free' does not constitute specificity, as the bacteria were simply blocking a heterogeneous reaction at the UME surface, as shown in Schematic 2. Recently, Mirkin and co-workers reported that single bacteria colliding with UME surfaces can generate current. 64 This is a much more exciting line of inquiry that may lead to specificity of gram-positive and gram-negative bacteria at the single bacterium level.
Electrocatalytic (kinetic) amplification.-Electrocatalytic, or kinetic, amplification experiments involve taking advantage of differences in heterogeneous kinetics between different materials, which is most relevant in inner-sphere electrochemistry as discussed above. For instance, proton reduction is slow on carbon but is fast on platinum. Imagine a carbon fiber UME is placed in an acidic solution. If the electrode is biased at a potential where proton reduction occurs on platinum but not carbon, and a platinum nanoparticle collides with the carbon UME surface and sticks, a change in the amperometric current will be observed. The oxidation of hydrazine is a similar case, where the potential for oxidation is lowest on platinum and highest on carbon. In each of these two cases, one can choose a potential to discriminate heterogeneous reaction kinetics to observe collisions of nanoparticles.
Size of the response.-Generally, these events are on the order of tens to hundreds of picoamperes depending on the reaction kinetics, analyte concentration, and entity size. The significant challenge in enhancing the signal is that generally, inner-sphere reactions are driven to differentiate the colliding nanoparticle. To date, only inner-sphere reactions that produce gases have been used, and large concentrations of these reactants will cause bubbles to form and ultimately cut off electrocatalysis. White and co-workers have studied nanobubble formation on small electrode surfaces extensively. [65] [66] [67] [68] [69] [70] [71] In these experiments, nanoelectrodes are fabricated by etching a microwire to a nanometersized tip, which is then insulated in a glass capillary. Upon mechanical polishing, a nanometer-sized disc is exposed, and electrochemistry can be performed on these discs. These experiments are performed in various concentrations of hydrogen, peroxide, or hydrazine, where the oxidation or reduction produces a hydrogen, oxygen, or nitrogen bubble, respectively. Typical i-V responses for experiments of this nature are shown in Figure 5 . These studies indicate that proton reduction will form a hydrogen bubble when the concentration of proton is on the order of 80 mM and hydrazine oxidation will form a nitrogen bubble when the concentration of hydrazine is on the order of 300 mM. 69 Importantly, this implies that the signal in electrocatalytic amplification has a limit unless an inner-sphere reaction is driven, and the product of the reaction is not a gaseous species. Furthermore, deactivation of the response is often seen in the literature even without gas-forming conditions. 69, 72 For proton reduction, even before reaching proton concentrations where bubble formation is favorable, the high ionic strength associated with this concentration increase is deleterious to nanoparticle stability. Nanoparticles are generally charged, and this electrostatic repulsion ensures that nanoparticles do not agglomerate. Upon increasing the ionic strength, the surface charge of the nanoparticle is diminished, and the stability of nanoparticles decreases (i.e., the rate of agglomeration increases). One potential method of mitigating this is by performing electrocatalytic amplification experiments with weak acids. Due to the relatively small acid dissociation constants, the ionic strength of the solution will not increase. However, as the nanoparticle begins to consume acid at the electrode surface to produce hydrogen gas, the concentration gradient will push the equilibrium of the weak acid toward deprotonation. With this method, the stability of the colloidal suspension can be maintained, and an amplification for the collision response can also be obtained. Stability can only be maintained so long as the aggregation kinetics are influenced only by ionic strength, which is not always the case if an ion within the salt reacts with the nanoparticle surface. To the authors' knowledge, this experiment has not yet been performed, but it can solve the problem surrounding nanoparti-Schematic 3. Experimental schematic of detection of miRNA via ECA. Scheme 3a shows a PtNP that has been surface modified with a monolayer of single-strand DNA (ssDNA). ssDNA coating hinders production of current transients upon collisions with the electrode surface. In Scheme 3b, miRNA, which is complementary to the immobilized DNA, is introduced to a solution containing the PtNP@ssDNA conjugate. This results in hybridization. Next, the PtNP@ssDNA:miRNA conjugate is incubated with duplex specific nuclease (DSN), which cuts ssDNA when it is hybridized to complementary nucleic acids, and if the conjugate is a DNA:RNA hybrid, it leaves the original RNA intact so that it can bind to another immobilized ssDNA. This process continues until sufficient ssDNA is removed from the PtNP that current transients are observed when the particles strike the electrode. cle stability while maximizing the signal-to-noise ratio before bubble formation diminishes the signal.
Potential for specificity.-It is unlikely that one could discriminate simply based on kinetics of the collisions of 20 different nanoparticles in a complex mixture. However, in order to gain specificity, groups have taken advantage of functionalizing different materials with, for instance, DNA, RNA, or antibodies. Therefore, electrocatalytic amplification cannot be used to discriminate separate nanoparticles, but functionalization techniques can ensure electrocatalytic amplification can be used as a detection scheme for biologically interesting entities. These techniques are remarkably sensitive, as nanoparticles down to 5 nm in size have been reported. Bard previously showed that one can attach a strand of DNA onto platinum nanoparticles to make them specific to the complementary strand, and Crooks has been able to detect strands of micro-RNA with a similar detection scheme (Schematic 3). [73] [74] [75] [76] Using concepts around electrocatalytic amplification, one could also conceive of an electrocatalytic depression experiment, where a kinetically unfavorable material would block the heterogeneous electron transfer of an inner-sphere reaction. Furthermore, Bard and co-workers have used these techniques to study electrocatalysis of isolated atoms and clusters on nanoelectrodes and have reported calibration curves for trace metals at the femtomolar level. 21, [32] [33] [34] [35] [36] 77 Zhang and co-workers recently introduced the concept of label-free protein sensing using aptamer-based binding on single nanoparticles ( Figure 6 ). 78 In this experiment, binding of the protein liberates the aptamer from the surface of the nanoparticle, allowing the signal (i.e., the collision response) to be observed in the amperometric i-t trace. The authors were able to detect protein-derived growth factor in rat cerebrospinal fluid; however, the technique necessitated introducing hydrazine into the system. This technique requires a kinetic difference, and sluggish reactions that may be deleterious to biological samples (i.e., hydrazine) to observe the response. Inherently, the technique only discriminates between relatively inert and electrocatalytic materials, which covers a broad range of materials. This may result in unfavorable responses due to other electroactive biomolecules within the sample. Material dissolution.-Compton and co-workers first reported the oxidation of single silver nanoparticles on UMEs that was subsequently extended to the oxidation of copper. [79] [80] [81] [82] In these experiments, the UME surface is biased at a potential where the oxidation of the metal nanoparticle will occur upon collision with the UME surface. Because one can pack many atoms within the lattice of a single nanoparticle, the faradaic response associated with this type of collision experiment is very large (among the largest in the literature). This technique exploits the high-density packing of metal atoms to obtain a high signal-to-noise ratio, whereas most techniques rely on a solution species being sufficiently concentrated.
Size of the response.-As the current response is driven by the oxidation of metal species on the colliding nanoparticle, the magnitude is highly dependent on the nanoparticle material (i.e. oxidation of Ag to Ag + will generate half the signal of Cu to Cu 2+ oxidation). Furthermore, the response is proportional to the number of metal atoms in the nanoparticle, typically >1 nanoampere for a particle with a radius of 20 nm.
Potential for specificity.-This
has not yet been demonstrated. Compton and co-workers have non-specifically adsorbed silver nanoparticles onto bacteria to detect single bacteria collisions with UMEs. For specificity, one must consider biocompatibility between the entity and the nanomaterial to obtain a large signal-to-noise ratio. Within this experimental set up, the electrochemical signal is driven by the surface oxidation of the nanoparticle into bulk solution, making an additional redox probe unnecessary, potentially widening the range of entities and systems that may be explored using this methodology.
Enzymatically-enhanced.-Oxidoreductase enzymes have been studied widely in electroanalysis and the electrochemical sensing of glucose, and there are a few reports in the literature claiming observation of single enzyme catalysis at UMEs. The amount of current generated by a single enzyme is given by i cat = qnk cat [1] where q is the charge on an electron, n is the number of electrons transferred, and k cat is the catalytic rate specific for the enzymatic process assuming infinite substrate concentration. Here, the concentration of the substrate must be infinite compared to the concentration of the enzyme to ensure constant saturation of the active site. Fast enzymes (i.e., glucose dehydrogenase) have k cat values of ∼1500 s −1 , which yield sub-femtoampere currents. Considering the peak-to-peak noise in most electrochemical experiments is, at best, tens of femtoamperes in a well-grounded Faraday cage, single enzyme turnover simply cannot be achieved with high bandwidth measurements, where high bandwidth measurements are sampling rates on the order of kHz or better. Despite this simple analysis, there are reports in the literature on single enzyme collisions passing tens of pA of current. [83] [84] [85] [86] [87] [88] These reports continue to be debated in the literature. One can use another entity as a scaffold around which enzymes can be pre-concentrated, and this line of thought can yield a strategy for both amplification and specificity. Dick and co-workers demonstrated that glucose oxidase enzymes can be linked to a primary antibody that is specific to a glycoprotein on the surface of murine cytomegalovirus. 54 Thus, the virus acts as a scaffold around which enzymes can preconcentrate. When the virus particles collide with an UME, where the oxidation of a well-characterized redox reporter, ferrocene methanol, produces ferrocenium methanol, the ferrocenium methanol is converted back to ferrocene methanol by the enzyme in a deaerated solution. Use of one-electron mediators as enzyme substrates has been previously studied by Saveant and Demaille. 89 This conversion creates a catalytic loop, and the collision results in a stepwise increase in current. Importantly, the collision of a single enzyme will not give a false negative, and enzymes were not found to nonspecifically adsorb to virus particles. Compton and co-workers have also applied these techniques to modifying silica nanoparticles with enzymes. 87 Each of these experiments are still technically enzymelinked immunosorbent assays (ELISAs), and they have been termed Digital ELISAs.
Size of the response.-Generally, the current response in an enzymatically-enhanced single entity collision is less than 10 picoamperes. One can imagine, however, incorporating materials dissolution strategies to the detection mechanism. Instead of attaching enzymes on antibodies, one could develop methods to attach silver nanoparticles onto antibodies. There are obvious challenges, such as maintaining the integrity of the antibody upon silver nanoparticle attachment, but these have been previously overcome for different systems. 90 Potential for specificity.-Demonstrated to be highly specific in complex matrices (i.e., urine of infected mice). The greatest drawback in these experiments is the low signal-to-noise ratio for the collision (∼15); however, other preconcentration schemes (i.e., using silver nanoparticles instead of enzymes) can be imagined to enhance the signal-to-noise ratio. , and micelle.-Emulsion droplets. -Perhaps the most famous emulsion is milk, where fat droplets are suspended in water. These droplets are large, and so scattering of light occurs, rendering milk a familiar white color. These nanometer-sized droplets (droplets with radii on the order of hundreds of nm have sub-femtoliter volumes, where fL is 10 −15 L) can act as confined volumes, and electrochemistry can be performed using concepts based on collision experiments. Several experiments have been devised to study electrochemistry in confined volumes. The two phases that comprise these systems are the continuous phase and the dispersed phase. The continuous phase is the solvent in which droplets are suspended, and the dispersed phase is the solvent that makes up the droplets. For instance, one can trap a redox molecule in a water droplet suspended in oil (or vice-versa) based on solvation (i.e., the redox reporter will only be soluble in the droplet or dispersed phase). Upon collision with the UME surface biased sufficiently positive or negative to react the analyte in the droplet, the reactivity can be monitored in the amperometric response. Perhaps most exciting about these experiments is that one can track in the amperometric response the electrolysis of the droplet contents, and Faraday's Law can be used to extract the volume of the droplet and, hence, its radius:
Droplet, vesicle
where V is the droplet or vesicle volume, r is the droplet or vesicle radius, Q is the charge obtained by integrating under the current-time response, n is the number of electrons associated with the electrolysis, F is Faraday's constant, and C * is the concentration of analyte species in the droplet or vesicle. One can also use the collision response to fit the transient collision decay to bulk electrolysis theory: [3] where i(t) is the current as a function of time, i 0 is the initial current, m is the mass transfer coefficient, A is the area of the electrode, and t is time. If we consider the mass transfer coefficient to a disc electrode (m = 4D/πr), the equation above can be further simplified, and r can be interpreted as the contact radius. Fits of this kind have yielded contact radii of tens of nm, implying the droplet collision experiment is effectively a nanoelectrode experiment where the volume is confined. Bard and co-workers first reported the collision of toluene droplets suspended in water by reacting ferrocene trapped in toluene. [91] [92] [93] [94] [95] [96] [97] Dick and co-workers, [98] [99] [100] [101] [102] Ahn and co-workers, 103 and Tschulich and coworkers 104 have been working toward using these principles to electrodeposit nanoparticles onto conductive substrates. Recently, Dick and co-workers demonstrated that these types of collisions can be used in materials synthesis of high entropy metallic glass nanoparticles, and they demonstrated applications to designer, multifunctional electrocatalysis (Figure 7) . 105 Vesicles and micelles.-This type of experiment has also been used to study contents within vesicles 26, 106 and micelles 107 and may be used in controlled synthesis of molecular or materials libraries in tiny volumes. For vesicle analysis, the dispersed phase is extruded with lipids to form vesicles, which have a narrow size distribution. These vesicles are then separated by size-selective chromatography to be used in collision experiments. The equations given above in this section still hold for these different types of entities. Figure 7 . Nanodroplet-mediated electrodeposition overview for controlling NP stoichiometry and microstructure. a) Current transient corresponding to the collision of a single nanodroplet onto a carbon fiber UME (r UME = 4 μm) biased at −0.4 V vs. Ag/AgCl. Nanodroplet contents are fully (>98%) reduced within 100 ms, facilitating disordered co-deposition of various metal precursors. b) Representation of a nanodroplet collision event highlighting the rapid NP formation at the water/substrate interface and the charge balance ensured by the transfer of TBA+ across the oil/water interface. c) An amorphous microstructure is confirmed by a lack of crystallinity at high resolution and the presence of diffuse rings on the SAED pattern. Size of the response.-The size of the response is on the order of tens of picoamperes. 108 Potential for specificity.-At this point, it is difficult to imagine using a droplet, vesicle, or micelle as a tag for biological detection. From a materials perspective, Bard and co-workers have been able to trap molecules that upon reacting with an electrode, generate light (electrogenerated chemiluminescence). [96] [97] The addition of light may add specificity; however, the use of droplets, vesicles, or micelles as tags has yet to be demonstrated.
Methods to Decrease Limit of Quantitation
As alluded to in the abstract, the limit of quantitation can be easily thought of as the amount of time one wishes to wait for the detection of a single entity to occur. Because of the stochastic nature of single entity experiments, the concentrations are almost always below 1 pM. Consider an Olympic-sized pool with a pole at its center, stretching from the bottom of the pool through the water and piercing the air above the water. If a billion ping pong balls are introduced into the pool, the random collision of a ball with the pole is highly probable. However, if only one ping pong ball is placed in the pool, one would have to wait a very long time for the random collision of the ball with the pole. One can think of different ways to increase the collision rate of the ball with the pole by increasing the diameter of the pole or introducing convection within the pool. Similarly, by placing a small UME into a solution of entities, the frequency with which entities collide with the UME surface is dictated by mass transfer and the size of the UME. Unfortunately, one sacrifices measurement sensitivity by increasing the electrode size -small entities (i.e., single proteins) simply cannot be observed colliding with millimeter-sized electrodes. To highlight the necessity for other modes of mass transfer, let us consider the amount of time one has to wait to observe the collision of an entity considering a certain number of entities in a liter of solution. Table I indicates that 20 trillion seconds are necessary to observe the collision of one entity suspended in a liter of solution; however, when a trillion entities are in a liter of solution, only 20 seconds are necessary to make the observation. This corresponds to picomolar concentrations of entities, and the diffusion coefficient was calculated using the Stokes-Einstein approximation considering an entity with a radius of 100 nm.
Collisions by diffusion.-The frequency with which entities collide with an electrode surface is given by [4] where A is the electrode area, m O is the mass transfer coefficient, C is the concentration of colliding entity, and N A is Avogadro's Number. While the majority of the stochastic electrochemistry literature has focused on the collision frequency of entities, it is likely more appropriate to describe these experiments as a collision rate. This is especially important in fundamental studies of a single entity colliding with an electrode surface multiple times, where the frequency with which the single entity collides with the electrode can be quantified with high-bandwidth measurements. [109] [110] [111] [112] [113] Equation 4 is simply a form of Fick's Law and predicts the collision frequency for freely diffusing nanoparticles, where m O depends on the electrode geometry (i.e., m O for an inlaid disc is 4D πr , where r is the electrode radius). This equation gives access to the concentration of colliding species assuming unit probability of entities sticking to the UME surface, which may not always be the case. 99 However, the use of this equation necessitates more than one collision to establish a frequency. It should be noted that the diffusion coefficient of the colliding species is always calculated using the Stokes-Einstein approximation 114 and assuming spherical geometry:
where k B is Boltzmann's constant, T is temperature, η is the kinematic viscosity of the solution, and r entity is the radius of the entity. Boika has previously reported a better measurement of concentration based on the time of first arrival of the entity with the UME surface. This allows a single collision to be used to calculate the concentration of colliding species assuming different mass transfer of single entities. If the mass transfer is governed mainly by diffusion, one simply has to take the inverse of Equation 4 as the average time between collisions. There are experimental difficulties, however, with regard to the time of first arrival of an entity with an UME surface. For instance, the RC time constant associated with the potential step may convolute collision results, rendering collisions difficult to observe at short times. Once entities are introduced in solution, homogenization must occur before the measurement to ensure accurate characterization.
Despite these limitations, one of the most powerful aspects of single entity electrochemistry is that, over time, the measurements increase in precision. Importantly in these studies, one should take care to ensure only a few collisions are analyzed. As collisions occur, the electrode size changes. Since frequency of collision and concentration depend on electrode size, only the first few collisions can be used in quantitative analysis.
Enhancing mass transfer by electrophoretic migration.-As Boika reports, one can also take advantage of electrophoretic migration. 53, [115] [116] [117] In these experiments, the charge of the entity can be exploited to enhance mass transfer. For instance, if a carboxylated polystyrene bead is diffusing in solution, it will move toward the electrode surface by electrophoretic migration once the UME is polarized. The frequency with which these entities collide with an UME is given by
where e is the charge on an electron and μ is the mobility. Whereas the diffusion of an entity is given by the Stokes-Einstein equation, the mobility of an entity is given by μ = 2σr entity 3η [7] where σ is the charge density of the entity. There is an important implication in considering the differences in Equations 4 and 6: Smaller beads will diffuse more quickly under diffusion control but migrate less quickly under electrophoretic migration control. Larger beads will diffuse more slowly under diffusion control but migrate more quickly under electrophoretic migration control. This implies that one can use these physical differences to separate entities of different size and gain further specificity. Schematic 4 illustrates how entity size and charge density will affect diffusion and migration during stochastic experiments. It is important to note that groups have also found success using dielectrophoresis techniques. [118] [119] [120] Other methods to enhance mass transfer.-There are, of course, other methods to enhance mass transfer other than migration in an electric field. For instance, Stevenson and co-workers specially synthesized iron oxide nanoparticles with platinum islands to observe electrocatalytic amplification and increase flux to the electrode surface by magnetism. 121 Crooks and co-workers have demonstrated that the collision frequency of magnetic microbeads will be enhanced drastically in the presence of a magnetic field focused on the tip of the UME. 122 The limit of quantitation in these experiments was pushed down to 20 aM -according to Table I , one would have to wait for over 200 million seconds (over six years!) to observe a positive response by diffusion. This proof-of-principle experiment used silver-nanoparticledecorated-magnetic microspheres, where the material dissolution of silver gave a response upon collision with an UME surface.
Boika and co-workers have also shown that by using alternating current to selectively heat the UME surface, mass transfer can be enhanced (Figure 8 ). 123 This 'hot-tip' approach has been shown to enhance the collision frequency of nanoparticles on the UME surface by a factor of 10 3 . While mass transfer is enhanced, the temperature gradient at the electrode surface may be deleterious to biological entities of interest.
Drawbacks and Limitations
Despite the exciting possibilities that have been discussed throughout this review, it is important to remark on drawbacks and limitations. As with all sensors based on electrochemical measurements, one important issue to address is the rate of fouling. Stevenson and co-workers have addressed the fouling issue. 124, 125 This rate is accelerated on microelectrodes and nanoelectrodes given the mass transfer coefficient is inversely proportional to the radius of the electrode (see section above regarding droplet, vesicle, and micelle collisions). Incidentally, this also implies that fouling rates are enhanced on single nanoparticle sensors. Fouling is a frequent issue within direct electrochemical detection. To prevent this, coatings that are employed to make a method of detection more specific may act as barriers to the electrode surface. Nanoparticles and conducting polymers are typically used as coatings to improve signal-to-noise; modified carbon nanotubes are employed for the direct electrochemical detection of sulfhydryl compounds. 126, 127 Though the use of coatings has proven advantageous, we can also find ourselves limited by instable or weakly adsorbed materials. Networks of enzymes on the surface of an electrode, for example, may be unstable because the immobilization of the enzyme on the electrode surface may change the pH activity and structural identity of the enzyme resulting in limited detection. 127 On the other hand, the use of bare electrode material may be kinetically limited due to slow adsorption attributed to inner-sphere mechanisms at the electrode surface resulting in low sensitivity. Detection may also be impeded by adsorption of non-electroactive material within biological samples; this is termed "poisoning" of the electrode surface. The high cost of metal materials used to fabricate electrodes is a common concern when fabricating biosensors. 128 Those preparing sensors based on the use of stochastic electrochemical detection must consider these drawbacks and limitations. Another point to consider is the rate of particle aggregation, which can greatly affect the signal. Citrate-stabilized nanoparticles are typically used in these studies but aggregate in solutions when ionic strength is greater than 30 -50 mM. This aggregation may limit the biological buffers one can employ. Using hydrazine oxidation as the electrocatalytic reaction is also problematic. Aggregation due to hydrazine was first brought to light by Koper. Stevenson and Crooks showed in a following study that single nanoparticles (not aggregates) are detectable if colloidal stability is maintained by lowering the ionic strength and hydrazine concentration, 129 demonstrating a good match with the predicted collision rate according to analytical solutions for diffusion-limited transport. Importantly, this implies that groups should be careful in reporting results under the aforementioned conditions to ensure singe particles are being detected instead of particle aggregates. Furthermore, these issues should be seriously considered in building a robust sensor using stochastic electrochemical methods. Importantly, future reports regarding sensors developed using these concepts should definitively demonstrate collisions of single nanoparticles, instead of large aggregates of nanoparticles.
Conclusions and Final Comments
Making an observation of an entity colliding on an UME is rather trivial and has become commonplace. The grand challenge lies in making this collision specific to the colliding entity. Only then has the ultimate sensitivity in measurement science been achieved, where sensors can be developed to detect single analyte species, one at a time.
In our opinion, the greatest strategy for sensing lies in the materials dissolution system, and the greatest strategy for decreasing the limit of quantitation is using magnetism. These systems present the highest signal reported with the lowest limits of quantitation. One potential drawback can be highlighted by considering an example. Say one wishes to detect a single virus in the urine of an infected mouse, and silver nanoparticles are conjugated with primary antibodies to make the measurement specific. If incomplete binding occurs, freefloating silver nanoparticles will complicate the amperometric signal since single nanoparticles can be observed rather easily in the amperometric trace. One can, however, develop strategies to eliminate this background response by introducing a centrifugation step. Silver nanoparticles have also been shown to non-specifically adsorb to bacteria, which introduces a further complication that would necessitate experimental mitigation.
As we explore these ideas, we recognize the value of stochastic electrochemistry within this new frontier for single entity biosensors. This review attempts to offer a comprehensive understanding of the field thus far and details opportunities for improvement.
